We compare surface brightness and magnetic field surface maps for the K0 dwarf AB Doradus, obtained using two independently developed Zeeman Doppler imaging codes. We find that even the fine structure in the two sets of images shows excellent agreement. Magnetic field maps appear to be less sensitive to line-modelling effects than brightness maps. We argue that these results point to the consistency and reliability of Doppler imaging techniques even when using poorly sampled data sets, provided that the spectra used are of sufficiently high signal-to-noise ratio.
INTRODUCTION
Doppler imaging (DI) allows one to map the surface of a star using time series of its integrated flux spectra. This technique has been reviewed in several papers (Vogt, Penrod & Hatzes 1987; Rice, Wehlau & Khokhlova 1989; Piskunov, Tuominen & Vilhu 1990; Collier Cameron 1998) , and has been used to map brightness and temperature distributions for a variety of rapidly rotating objects, ranging from T Tauri stars to older RS CVn binary systems (Vogt & Penrod 1983; Hatzes & Vogt 1992; Hatzes 1995; Rice & Strassmeier 1998) . More recently, the technique of Zeeman Doppler imaging (ZDI) has been developed. ZDI applies the principles of DI to polarized line profiles in order to enable the reconstruction of magnetic field component at the stellar surface (Semel 1989; Brown et al. 1991; Donati, Semel & Rees 1992; Donati & Brown 1997) .
The K0 dwarf AB Dor (HD 36705) is an ideal candidate for DI studies, as it has v e sin i 90 km s 21 and so its absorption-line profiles show considerable rotational broadening, allowing us to obtain high surface resolution from stellar tomographic techniques. It also has a short rotation period P rot 0:514 79 d; which means that a significant fraction of the stellar surface can be obtained within one night. This star has been the object of several DI studies (Collier Cameron & Unruh 1994; Ku Èrster, Schmitt & Cutispoto 1994; Unruh, Collier Cameron & Cutispoto 1995) . Since 1995 December, simultaneous brightness and magnetic field maps have been obtained of this star (Donati & Collier Cameron 1997; Donati et al. 1999 ).
All the brightness maps obtained to date show patterns that are very different to those seen on the Sun, with large dark starspots covering high-latitudes and smaller, more isolated spots located near the equator. The magnetic field distributions are also very different from those in the Sun, with a strong azimuthal field covering all visible latitudes (Donati & Collier Cameron 1997; Donati et al. 1999) . Similar magnetic field maps have been obtained for the active RSCVn type binary HR1099 and the ZAMS star LQ Hya, where Donati (1999) finds evidence of axisymmetric, uni-directional bands of azimuthal field at certain latitudes. There is no solar counterpart to this phenomenon. The preferred latitudes at which they are detected remain consistent over a period of years, suggesting that they are somewhat related to the mainly axisymmetric toroidal component of the large-scale dynamo induced magnetic field. These bands may indicate in particular that dynamo mechanisms are substantially different from those observed on the Sun, being possibly distributed throughout the whole convective zone rather than being confined to the interface with the radiative interior.
While these techniques provide important probes into the nature of stellar activity, some questions about the reliability and authenticity of the features in these maps remain. For instance, poor phase coverage is found to lead to an increased amount of cross-talk, especially between radial and meridional field components in ZDI maps (Donati & Brown 1997) . We would like to assess the extent to which maps obtained using DI and ZDI techniques can be trusted. In this paper two independently developed sets of DI and ZDI codes are used to map identical data sets of AB Dor. The reliability and consistency of DI and ZDI techniques are then assessed by comparing the resulting maps. A similar approach was used some years ago, when three different DI codes were used to map identical data sets of the RS CVn binary EI Eri (Strassmeier et al. 1991) . However, as the DI codes used in that study map different parameters (two-temperature covering fraction, temperature and brightness distributions), detailed comparison between the images remains difficult. Our codes map the same surface parameters (brightness and magnetic flux) and are based on more densely sampled data with much higher signal-to-noise ratios, thus making a detailed comparison of both sets of maps easier.
DATA ACQUISITION AND ANALYSIS
The spectroscopic observations used in this analysis were obtained using the Anglo-Australian Telescope as part of a long-term programme to monitor magnetic activity on AB Dor. The data were obtained during observing runs in 1995 December, 1996 December and 1998 January. The observing set-up and extraction procedures have been described by Donati & Collier Cameron (1997) and Donati et al. (1999) . Least-squares deconvolution (LSD) is found to be useful and indeed necessary in order to improve the signal-to-noise ratio of Stokes V profiles by a factor of about 30 . This technique produces a mean line profile essentially by cross-correlating thousands of selected line profiles with an appropriately weighted mask, and by looking for the normal solution of the least-squares problem. In order to produce the images presented here, approximately 1600 lines were used from the extracted spectra in 1995 and 1996, and 2700 lines from the 1998 data set. Donati's images have been produced using DI and ZDI codes that have been fully described (Brown et al. 1991; Donati & Brown 1997 ).
Doppler imaging
Details about the code, dots, which has been used to reconstruct the images have been published in Collier Cameron, Jeffery & Unruh (1992) , Collier and Hussain, Unruh & Collier Cameron (1997) . The specific intensity profiles for both the photospheric and spot temperatures are generated using the standard K0 and M4 dwarfs, Gl 176.3 and Gl 367 respectively. The template spectra are processed using LSD, with the same mask as the target star. Three-dimensional look-up tables storing monochromatic specific intensity as a function of velocity, limb darkening and surface temperature are generated to be used within the code to calculate photospheric and spot flux contributions.
Mismatches in stellar parameters such as radial velocity and v e sin i, and in line parameters such as line EW, are found to introduce spurious structure into the reconstructed images (Vogt et al. 1987; Ku Èrster 1993; Piskunov & Rice 1993; Collier Cameron & Unruh 1994; . By minimizing the total spot area in the reconstructed images for each parameter it is possible to evaluate its optimum value. v e sin i and EW have similar effects on the reconstructed images; for example, an overestimated v e sin i and an underestimated line EW both result in extra low-latitude structure being added in the reconstructed image. For this reason, both of these parameters are usually evaluated simultaneously.
An inclination angle of 608^108 has been used for AB Dor in previous DI studies using photometry and in evaluations of its distance and evolutionary status (Collier Cameron & Foing 1997) , and is adopted here. Semel (1989) first introduced the idea of combining the principles of DI with spectropolarimetry. The polarized intensity contributions from different magnetic regions on the surface of the rapidly rotating stars are separated in velocity-space due to the Doppler effect induced by stellar rotation. The ZDI code presented here is a modified version of the dots code described above. The contributions from the three different field components (radial, meridional and azimuthal) are evaluated, and simultaneously used to produce maps of the flux density for each surface magnetic field vector. As AB Dor is a high-inclination star i 608; the contribution from low-latitude meridional field regions is expected to be weak (Donati & Brown 1997) . Hence the reconstructions presented here have been restricted to radial and azimuthal vector components.
Zeeman Doppler imaging
The complex problem of polarized radiative transfer is greatly simplified by using the weak-field approximation (e.g. Stenflo 1994) . If the Zeeman effect in a magnetically sensitive spectral line is small compared to other local line-broadening mechanisms, the Stokes V profile contribution, V i , at a wavelength, l, from a magnetic region, i, is found to behave as follows:
Here g is the average effective Lande Â factor over all the considered transitions, I i is the unpolarized intensity line profile contribution from region i, and v is the velocity shift from the rest wavelength. This approximation is found to be be valid for LSD profiles up to magnetic field strengths of several kG (Donati & Collier Cameron 1997) .
As with DI, look-up tables storing the monochromatic Stokes V intensity contributions as a function of velocity, limb darkening and magnetic field strength are used to model the observed disk integrated flux profile. These look-up tables are computed using the following procedure. A Gaussian profile with the same EW and line depth as the template star, Gl 176.3 (K0V), is used to represent the local unpolarized intensity contribution (Stokes I). The flux measured at the stellar surface is allowed to vary between 5 kG (an estimate of the upper limit for the equipartition value). The Gaussian unpolarized intensity line profile is used to model both the right-hand (RH) and left-hand (LH) polarized intensity contributions for the input values of magnetic field values (these RH and LH profiles are thus identical in all respects except for a velocity shift which depends on the magnetic field strength). Within the weak-field regime, the local Stokes V intensity contribution is generated by calculating half the difference between the RH and LH circularly polarized spectra for the maximum and minimum values of the magnetic field. Stokes V intensity profiles are calculated over a range of limb darkening values and velocities, and stored in a look-up table.
The intrinsic line profile is assumed to remain constant everywhere on the stellar surface. It is true that the mean spot template profile does not differ in shape from the photospheric profile (see Fig. 1 ). In the case where Zeeman broadening is not the dominant line-broadening mechanism, the exact shape of the line profile is found to be unimportant (Donati & Collier Cameron 1997) . This can also be seen in Fig. 2 , where the deconvolved profile from the K0 dwarf Gl 176.3 has been spun-up to match AB Dor's rapid rotation. While the two template profiles are very similar, they do not fit the observed AB Dor spectrum well. The plot (Fig. 2b) shows that the greatest discrepancy between the Gaussian and template line profile lies in the line core. The presence of cool, high-latitude structure and a polar spot on the surface of AB Dor is thought to lead to the flattening of the line core.
The mean Lande Â factor and central wavelength of the deconvolved profile for the K0 star are used to generate the look-up table. This stores Stokes V intensity profiles with the mean magnetic sensitivity of the deconvolved profile as a function of velocity and limb darkening for a magnetic field at the equipartition strength (taken to be a maximum of 5 kG).
As there is no contribution from the continuum to the Stokes V profiles, it is also necessary to input a look-up table of specific intensity profiles (also modelled by Gaussians) to allow continuum renormalization. The continuum levels of the disc integrated Stokes I profiles are renormalized to a level of unity in the code. The scaling factors used for the intensity normalization are also simultaneously used to normalize the Stokes V flux at each phase.
Maximum entropy in the ZDI codes
As with DI, a regularizing function is required to reach a unique solution. The ZDI maps presented here have been produced using maximum entropy. However, entropy is defined in slightly different ways in the two ZDI codes. Our code stores the magnetic flux in terms of a filling factor model where the magnetic flux is a fraction of the equipartition value for the surfaces of cool stars (see equation 2). Donati, on the other hand, maps the magnetic flux directly.
where f i is the spot filling factor such that
where B max is the equipartition value adopted for the target. Hence f i 0:5 corresponds to a zero magnetic field. This form of entropy pulls equally in both directions to zero-field images, as shown in Fig. 3 . The form of entropy used by Donati (private communication) is as follows:
In this case, f i is the magnetic field value of each image pixel i, and m i 10G: As with the form of entropy used in the dots code (see equation 2), the penalty function Sf pulls equally in both directions to zero-field images. Fig. 3 shows this clearly. The gradient of this second form of entropy (equation 3) can be adjusted by changing the value of the default image (m i ). By increasing the value of m i , the slope of the penalty function becomes shallower and closer to that found in equation (2) (compare solid and dashed lines in Fig. 3 ). Donati uses small values of m i ; hence each field value is given a higher penalty in terms of entropy. This results in Donati's images having stronger features covering a smaller area, while our images have weaker features spread out over larger areas (the total flux is therefore constant).
MAPS OF AB DOR
We have reconstructed maps from three epochs: 1995 December, 1996 December and 1998 January. For clarity we present only a sample of the brightness and magnetic images obtained. The images presented in this section were obtained at two separate epochs (1995 December and 1996 December) . Images obtained using the 1995 December 07 data set were subject to worse phase coverage than those obtained from 1996 December 23 to 25. The optimum line EW, heliocentric v rad , and v e sin i have been determined using image optimization (as described in Collier 
(e) (f) Figure 4 . The maps produced by the dots code are plotted on the left-hand side of this series of plots, while Donati's brightness and magnetic images can be seen on the right-hand side. The images shown here of AB Dor have been reconstructed using spectra taken on 1995 December 07. From left to right they are: (a), (b) brightness maps; (c), (d) radial field maps; (e), (f) azimuthal field maps. In the case of the brightness maps, the grey-scales indicate spot filling factor, ranging from 0.0 (i.e., the unspotted photosphere, T phot 5000 K to 1.0 (complete spot coverage, T spot 3500 K: In the magnetic images, the grey-scales represent magnetic field levels ranging from 2500 to +500 G. These images are produced using the data set with the worst phase coverage. There is a gap in the phase coverage in the December 07 data set, corresponding to about 1208 in longitude (from 1508 to 2708). The maps from the combined data set taken on 1996 December 23±25 have the most complete phase coverage for AB Dor to date. Data from December 25 contributed information to the 838±1708 longitude region.
The data sets

COMPARING BOTH SETS OF IMAGES
Figs 4 and 5 allow us to test the consistency and reliability of DI techniques thoroughly. On inspecting the maps by eye, it is apparent that the images produced from the two codes show a high level of agreement. A quantitative analysis comparing the images derived using dots with those produced by Donati can also be carried out. Due to computer memory constraints, our images have been produced with a coarser surface resolution (28 resolution at the equator) than the images produced by Donati (private communication) (approx. 18 : 4). This means that the flux in the maps from the dots codes are averaged over a larger area and may result in a small amount of dilution in the peak levels that are reconstructed.
Quantitative comparisons of images
We can compare the overall level of structure as well as the correlation in position of magnetic field spots in our brightness and magnetic field maps with those produced by Donati in several ways. By summing up the grey-scale maps over all longitudes and normalizing for the pixel areas, it is possible to evaluate the degree of latitudinal smearing in both DI codes. Cross-correlations of constant-latitude slices in each of these images indicate how well the images compare at each latitude. The levels of fine structure in the equatorial regions can be compared by summing up flux contributions in the mercator maps shown in Figs 4 and 5 over isolated latitude bands, over the equatorial region (from 2308 to 1308), and over the polar region (by collapsing the latitude bands from 608 to 908). Fig. 6 shows the spot coverage summed over all longitudes for 1995 December 07 and 1996 December 23±25. The flux values have been normalized according to pixel area, such that the sum of all pixel areas is equal to 4p. A noticeable systematic difference between our brightness images and those produced by Donati is in
Brightness maps
(e) (f) Figure 5 . Same as Fig. 4 for 1996 December 23±25.
the polar regions where we consistently recover a lower level of spot coverage. Not only is there a discrepancy in the level of structure, but the peaks of the spotted bands are clearly displaced relative to each other at high latitudes (with the majority of spots in the dots code being reconstructed about 58 nearer the pole than in Donati's code). At lower latitudes, however, the dots images produced from the 1996 and 1998 data sets contain more spots than in the images by Donati (by up to 50 per cent). The peaks of these spotted bands lie at about the same point, although the bulk of the structure in the dots image is slightly higher than that in Donati's image. This discrepancy is a classic indicator of differences in the values of the line EW used to model the intrinsic line profile contribution from the immaculate photosphere. As Unruh (1996) reports, polar structure is strengthened if too high a value of EW is used, and lower latitude structure is strengthened if too low a value is implemented. However, the values of EWs to be used when reconstructing the maps shown, both using Donati's code and using dots, are determined by minimizing the spot area obtained at a fixed level of x 2 . There may also be a difference in the weighting schemes in these codes. In the dots code, weighting the images using pixel area leads to spots being preferentially pushed away from the equator.
In order to compare fine structure over specific regions, the maps have been collapsed in the equatorial region and are plotted in Fig. 7 . The relative pixel areas have been normalized, taking the stellar equatorial radius to be one (and therefore the sum is 4p as before). On summing these area-weighted filling factors over the lower latitude region, from 2308 to 1308 one can see that the brightness images from both codes show excellent correlation. The agreement between for 1996 December 23±25 is better than that for 1995 December 07, where we consistently reconstruct more spots compared to Donati's image. This confirms the pattern seen in Fig. 6 . The structure in the high-latitudes has been summed over the latitude bands and compared in Fig. 8 . These plots confirm that Donati's maps systematically reconstruct a higher level of spot coverage. While high-latitude structure definitely exists on AB Dor, the extent to which it covers the pole is determined by finetuning line parameters. The most likely explanation for this discrepancy is that it results from differences in the values of the line EW used to model the intrinsic line profile contribution from the immaculate photosphere. This combined with different weighting schemes could lead to discrepancies in the reconstructed images. It is worth noting that differences may also arise due to under or over-fitting the observed spectral line profiles. Without photometry acting as an additional constraint, it is difficult to determine the exact amount of spot coverage accurately.
Radial field maps
Radial field maps collapsed in longitude (Fig. 9) show that the actual positions of the summed magnetic regions at each latitude band are reconstructed very well in the magnetic images even with poor phase coverage (as with the 1995 December 07 data set). The relative strength of the magnetic flux at each latitude does not match so well. This is probably due to the combined effect of different amounts of smearing in both programs, and the presence of alternating polarities in radial field maps at each latitude causing cancelling out to different extents in both images.
Cross-correlation functions (ccfs) have been produced by cross-correlating brightness maps at each latitude. The ccfs have been normalized using the mean of the peak values of autocorrelation functions (acfs) for both images at each latitude. By cross-correlating constant-latitude slices, we can evaluate how the consistency of the pattern in the maps varies at each latitude, thus avoiding the effects of opposite polarities cancelling out. The ccfs shown in Fig. 10 are centred around a shift of 08, showing excellent agreement in the maps. The increased smearing in the ccf peak observed for 1995 December 07 is due to the radial field distribution being less longitude-dependent at this epoch.
On comparing fine structure at low latitudes, the radial field maps show excellent agreement in both position and level of reconstructed flux (Fig. 11) . The sizes of these magnetic field spots are found to vary from about 108 (the limit of resolution in these reconstructions) up to 308. The radial field maps show an excellent level of agreement at high latitudes, with regard to both the positions and the overall levels of fluxes (as illustrated in Fig. 12 ). The average size of these regions ranges from 208 up to over 508 in longitude.
Azimuthal field maps
Since the azimuthal field is often unipolar over a large range of longitudes at each latitude, one would expect these images to be less subject to cancelling out effects than the radial field images when summing over all longitudes. Indeed, as Fig. 13 shows, there is more agreement between the two sets of images than that found in Fig. 9 .
As shown in Fig. 14 , the correlation between the positions and flux densities of the azimuthal field is best up to about 508. The smeared out ccf peak at higher latitudes reflects the poorer longitude-dependence of azimuthal structure (clearly seen in the large monopolar fields stretching from 658 to 808 in the azimuthal field maps in Figs 4 and 5) . This is further confirmed by comparing the acfs for the dots 1996 December 23±25 radial and azimuthal field maps (Fig. 15) . The acf for the radial field map (Fig. 4c) is clearly narrower than that for the corresponding azimuthal field map at latitudes higher than about 508.
In general, the levels of flux reconstructed at low latitudes by both ZDI codes are in excellent agreement (see Figs 11 and 16 ). The angular sizes of the magnetic field spots in the azimuthal field maps (Fig. 16 ) are similar to those observed for the radial field maps at low latitudes (Fig. 11) . At high latitudes, Fig. 17 shows that while the positions of the magnetic structures are in agreement, the levels of flux may differ. Unlike the plots which are collapsed over each latitude (Fig. 13) , these plots are more sensitive to cancellations of different polarities when summing over latitudes. Additionally, there is a slight difference in the two sets of magnetic field maps in that Donati's images have been reconstructed allowing three vector fields to be mapped (including meridional), while the dots images have been reconstructed using only the radial and azimuthal field components. While the contribution from low-latitude meridional field features to circularly polarized profiles is moderate in highinclination stars, a small amount of meridional field has been recovered at high latitudes.
SUMMARY AND CONCLUSIONS
From the maps presented here we can conclude that these DI codes are not sensitive to poor phase coverage, provided the data have a sufficiently high signal-to-noise ratio. The same line parameters are used to model the local Stokes I and Stokes V profile contributions for both the brightness and magnetic field maps. DI appears to be more sensitive to incorrect line modelling than ZDI. The azimuthal field component appears to be the least longitude-dependent structure on these maps (as shown by the smeared out correlation peaks at mid to high latitudes). We find that even the fine structure in the maps obtained using both sets of DI codes shows a high level of agreement. In the case of DI, line parameters are the hardest to model accurately. Both codes reconstruct high-latitude structure in the brightness maps, but the extent to which the polar region is covered in spots depends on the photospheric line EW used. The magnetic field maps are much less sensitive to incorrect line parameter modelling. In general, our magnetic field maps are more smeared out than Donati's. These results indicate that the different definitions of maximum entropy lead to a difference in the sharpness of the resultant images. However, this difference is mostly cosmetic.
In conclusion, we have demonstrated that both magnetic and brightness maps obtained using DI techniques are consistently reconstructed using two independently developed codes. The Doppler map of AB Dor obtained using data from 1989 shows no indication of a polar spot (Ku Èrster et al. 1994 ). However, subsequent maps (from 1992 December onwards) consistently show the presence of polar structure. Our results, taken together with previous studies such as that of , indicate that this feature is almost certainly real. However, it may not necessarily be as extensive as in the maps presented in previous papers. The strengths of the reconstructed fluxes agree very well for all magnetic field maps, regardless of the quality of phase coverage in the data sets available. We believe that these maps provide evidence for the consistency and stability of DI and ZDI techniques.
